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Hydronephrosis: A new method to visualize vas afferens, efferens, and
glomerular network. We have developed a new preparation for in vivo
visualization of the glomerular microcirculalion. the vas afferens and
the vas efferens. This preparation utilizes postischemic hydronephrosis
(PIH) to destroy the renal tubular system while preserving a portion of
the cortex. In this preparation. glomeruli and associated vasculature
remained intact. Observations can be made with either incident light or
transillumination. The inner diameter of the vas afferens, measured
within 50 m of the glomerular vascular pole, was 7.9 0.5 m (N =
12; sEM) while that of the vas efferens was 7.7 0.5 pm (N 12).
Both vessels were narrower adjacent to the glomerulus; minimal
diameters in this region were 4.5 0.5 (N 10) and 4.3 0.5 pm(N = II), respectively. A specialized round cell, which may act as a
sphincter, was seen in the vas efferens. In a second series of experi-
ments, blood velocity was measured in the vas afferens and efferens
about 100 pm from the vascular pole. Mean control velocities at these
sites were 5.9 0.9 (N = 14) and 4.6 1.3 (N = 9) mm sec
respectively; diameters at these same sites were 10.3 0.6 pm and 11.2
0.7. During angiotensin II infusion (first series, 0.2 to 0.4
pg min1 kg', iv.) the vas efferens in the vicinity of the glomerulus
constricted by 22% whereas the corresponding vas afferens showed no
consistent response. During angiotensin 11 infusion, the filtration frac-
tion (GFR/RPF) may, therefore, be elevated by an increased resistance
in the vas efferens, particularly at the outflow point of the glomerulus.
In the second series of experiments higher dosages of angiotensin II
caused vasoconstriction of both vessels, especially at sites more distant
from the glomerulus. Furthermore, the new approach is suitable for
observing the flow direction within single capillaries of one third to one
half of the glomerulus. Therefore, for the first time it is possible to
determine the real flow direction in a three-dimensional way.
L'hydronëphrose: Une nouvelle méthode pour visualiser les vaisseaux
afférents, efférents, et le réseau glomérulaire. Nous avons developpé une
nouvelle preparation pour visualiser in vivo Ia micro-circulation glomér-
ulaire, le vaisseau afférent et Ic vaisseau efférent. Cette preparation
utilise l'hydronephrose post-ischemique (PIH), pour dbtruire le système
tubulaire renal, tout en préservant une partie du cortex. Dans cette
preparation, es glomerules et Ia vascularisation associés restaient
intacts. Les observations peuvent Ctre faites soit par Iumière incidente,
soit par transillumination. Le diamCtre interne du vaisseau afférent,
mesurC a moms de 50 pm du pole vasculaire glomerulaire était de 7,9
0,5 pm (N = 12; SEM) tandis que celui du vaisseau efférent Ctait de 7,7
0,5 pm (N 12). Les deux vaisseaux étaient plus étroits a cotC du
glomerule; les diamètres minimaux dans cette region Ctaient de 4,5
0,5 pm (N = 10) et 4,3 0,5 pm (N = 11), respectivement. Une cellule
ronde specialisee, qui pourrait agir comme un sphincter, a étè vue sur le
vaisseau efférent. Dans une seconde série d'expCriences, Ia vélocité
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sanguine a été mesurde dans les vaisseaux afférents et efférents 6
environ 100 pm du pole vasculaire. Les vélocités contrOles moyennes 6
cet endroit étaient de 5,9 0,9 (N = 14) et 4,6 1,3 (N = 9)
mm sec1, respectivement; les diamètres aux mêmes endroits étaient
de 10,3 0,ôpmetde 11,2 0,7. Pendantuneperfusiond'angiotensine
II, (premiere série, 0,2 a 0,4 pg min kg, i.v.)le vaisseau efiTérent
au voisinage du glomerule se constrictait de 22% tandis que Ic vaisseau
afférent correspondant ne montrait pas de rCponse appreciable. Pendant
La perfusion d'angiotensine 11 Ia fraction de filtration (GFR/RPF)
pourrait, de Ia sorte, être élevée par one augmentation de la résistance
dans le vaisseau efférent, tout particulièrement au point de sortie do
glomérule. Dans une seconde série d'expériences, des concentrations
plus élevées d'angiotensine II ant entrainé une vasoconstriction des
deux vaisseaux, surtout a des sites plus éloignés du glomérule. En
outre, cette nouvelle approche permet d'observer Ia direction du flux 6
l'intérieur du capillaire induviduel de d'un troisième 6 une demi du
glomérule. Ainsi, pour Ia premiCre fois ii est possible de determiner Ia
veritable direction du flux de facon tridimentionnelle.
We have recently described an intravital microscopic method
to measure blood flow in single capillary loops of superficial
glomeruli in the rat kidney [1]. For a better understanding of the
renal microcirculation, however, it would be most useful to
visualize in vivo the vas afferens and vas efferens in addition to
the glomerulus. Unfortunately, the vascular pole of the glomer-
ulus is ordinarily not visible at the kidney surface.
One way to observe these structures is to transplant glomeru-
Ii into the cheek pouch of the golden hamster [2, 3]. A
disadvantage of this interesting technique is that the normal
vascular network supplying and draining these glomeruli is lost.
The approach we now report involves rapidly producing a
hydronephrosis which destroys most of the tubular structures
while the renal vascular system remains intact and accessible to
intravital microscopy. In previous studies on the pathophysiol-
ogy of acute renal failure [4], we observed that hydronephrosis
following ureteral ligation was accelerated by 1 hr of renal
artery occlusion. This period of ischemia does not appear to
damage the vascular system, while tubular cells atrophy rapidly
after the ureter is tied. After hydronephrosis develops, the
microcirculation in the intact region of these kidneys can be
examined in vivo under the microscope by incident light or
transillumination.
Experimental hydronephrosis has been investigated exten-
sively, beginning with the classic experiments of Hinman and
Hepler [5—7] and Hinman [8, 9], done mostly on the dog. They
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Fig. 1. A Schematic drawing of the animal
preparation. B Schematic drawing of splitting
the kidney.
showed that the renal nerves have no influence on the develop-
ment of hydronephrosis after clamping one ureter. On the other
hand, it was deduced that "nutritional factors" were involved,
because partial obstruction of the renal artery accelerated the
development of hydronephrosis. They also showed that smaller
animals develop hydronephrosis more rapidly than larger ones:
Rats require about 60 days to attain complete hydronephrosis,
rabbits 240 days, and dogs 500 days.
Hydronephrosis is accompanied by a marked decrease in
kidney blood flow, but pathological changes in the blood
vessels are relatively minor, especially in rats [10—131. Acute
ureteral blockage increases intratubular pressure [14] and de-
creases tubular flow velocity and tubular reabsorption [15].
Partial ureteral occlusion allows micropuncture studies on the
tubular system of rats up to 4 weeks after clamping and release
of the ligation [16, 17]. Schubert et al [181 found no tubular
atrophy in rats up to 14 days after unilateral ureteral obstruc-
tion. Prolonged ureteral clamping in rats up to 36 days showed
that the tubular passage of lissamine green is first stopped
around the renal hilus [19]. For microcirculation studies the
hydronephrotic kidney has not been used previously.
Methods
We used 15 female Wistar-Furth rats, weighing 200 to 250 g
each. To produce hydronephrosis, we anesthetized the rats
with an intraperitoneal injection of sodium pentobarbital (Nem-
butal®, 60 mg/kg) and exposed the left kidney through a flank
incision. The ureter of this kidney was permanently ligated with
3-0 silk suture while the artery was occluded for 60 mm with a
small hooded bulldog clamp. Prompt blanching of the renal
surface indicated that the clamp was applied properly. After 60
mm the clamp was removed and the incision closed. All animals
survived the procedure without apparent ill effects. The rats
developed a postischemic hydronephrotic (PIH) kidney within
about 3 weeks.
Microcirculatory experiments were begun 3 to 12 weeks after
the initial surgery. The rats were deprived of a standard diet 15
hr prior to these experiments but had free access to water. We
anesthetized the rats with an intraperitoneal injection of thiobu-
talbarbital (mactin® BYK, 100 mg/kg). The animals were placed
on a heated operating table with an automatic control system to
maintain body temperature at 37°C. We inserted polyethylene
catheters into the trachea to maintain a patent airway, into the
left carotid artery for continuous measurement of arterial blood
pressure, and into the femoral artery for collections of blood
samples. The mean hematocrit of the observed PIH rats was
44.2 1.7% (Mean SD, N = 10). We used a triple catheter in
the left jugular vein for infusing different test solutions. The left
PIH kidney was exposed by a flank incision and covered with a
polyvinyl film (Saran Wrap®) or suffused with an isotonic and
isocolloidal solution (Hemaccel®, Behringwerke, Marburgl
Lahn, Federal Republic of Germany) warmed to 37°C.
In our initial studies the PIH kidney was immobilized with a
large kidney spoon fixed to the operating table; the tissue
surface was viewed with incident light microscopy in our usual
manner [1].
In the subsequent series of experiments the PIH kidney was
split at the greater curvature with a cautery knife, and one
cauterized tissue margin was sutured with the aid of atraumatic
needles to a kidney-shaped wire form. The other half of the
kidney was retracted away from the microscopic field with a
polyester suture. In these studies the rat was placed in a supine
position, and the ventral half of the PIH kidney was observed
under the microscope. The wire form with the kidney attached
was fixed to the edge of the operating table to permit transillu-
mination of the thin kidney tissue sheet (Fig. 1).
Fluorescence microscopy was used in a majority of our
studies, utilizing the Ploemopac system (Leitz), immersion
objectives having magnifications of up to lOOx and locally
fabricated dipping cones. In general we used the Leitz (Wetzlar)
U055 and U075 water immersion objectives with apertures of
0.80 and 0.90. The tissue field was illuminated with a xenon
lamp having heat filters, a blue-green filter 38 (Schott-Mainz),
and an interference filter which gave a wavelength maximum of
490 nm. The emitted light was passed through a 530-nm filter.
The microscopic field was monitored with a television camera
(Grundig), and recorded on video tape (Grundig, model BK
401).
To visualize the flow velocity in single glomerular loops, we
injected fluorescent-labeled erythrocytes [201 in such an
amount that only single erythrocytes passed through the gb-
merulus at one time. In this way, we could follow single
pathways of erythrocytes through these glomeruli. We mea-
sured the flow velocity of fluorescent erythrocytes by analyzing
sequences of single frames of the television picture Ill.
To reconstruct the geometry of the glomerular structure we
used the 75 x objective that has a depth of field less than the
diameter of single glomerular capillaries. Optical sections of the
glomerulus were obtained by advancing the microscopic stage
vertically in 5-tm increments. With the transillumination tech-
nique, nearly the entire upper half of the glomerulus could be
analyzed in this manner. The observed flow of erythrocytes
allowed us to reconstruct not only intraglomerular geometry but
also the flow direction in single capillaries. The inner and,
insofar as possible, the outer diameter of vessels was measured
from the tape recorder field using a shearing monitor (Instru-
mentation for Physiology and Medicine, Inc., San Diego,
California).
Control capillary erythrocyte velocity and volume flow mea-
surements were made during intravenous infusion of isotonic
saline at 0.06 ml min. Arterial hematocrit was determined
from blood samples centrifuged at x 12,000g. After control
measurements were made, angiotensin II (Hypertensin,
CIBA) was infused intravenously at 0.2 to 0.4 rg min per kg
body weight for 3 mm or was injected intravenously as a single
0.06-pg bolos.
In a second series of experiments performed at the University
of Arizona, blood velocity in afferent and efferent arterioles of
18 glomeruli in five rats was studied by the dual-slit method [22—
25]. The kidneys were transilluminated as previously described.
The system used for intravital microscopy in these studies has
been described previously [211. In addition to dual-slit velocity,
vessel internal diameter was measured electronically from the
video image, and arteriolar volume flow was calculated.
Results
General
The postischemic hydronephrotic kidney elongates to about
2.5 cm (pole-to-pole) after a few weeks. At this time, tubular
atrophy is observed especially near the hilus of the kidney
where the renal cortex thickness is about the diameter of a
glomerulus. A similar degree of hydronephrosis can be obtained
by ureteral ligation alone, but the process then requires at least
2 months ([81 and personal observations). Figure 2 is an in vivo
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Fig. 3. Pholomicrograph, at higher magnification, of a glomerulus with
associated vas afferens and vas efferens from a PJH-kidnev (arrows).
The sphincter is marked by dashed arrows.
Fig. 2. Photomicrograph, taken from a television screen, of glomeruli at
the surf ice of a postischemic hydronephrosis (PIH) kidney.
100pm
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Table 1. Mean and minimal inner and outer diameters (measured 50 m from the vascular pole) of vas afferens and vas efferens from 16
glomeruli in six postischemic hydronephrosis (PIH) rats (first series of experiments)
Rat no.
Glomerulus
no.
PIH
days
Vas afferens Vas efferens
Mean diameter Minimal diameter Mean diameter
-.-
Minimal
—.___________
Inner
Diameter
——
OuterInner Outer Inner Outer Inner Outer
1 1 59 8.0 0.5N=l0
11.8 0.8
N=l0
3.2 0.1
N=10
4.9 0.1
N=l0
5.8 0.1
N=l0
8.3 0.2
N=lO
4.6 0.2
N=lO
6.9 0.3
N=l0
2 1 62 8.3 0.2N=l5
10.9 0.2
N=15
— — — — — —
2 II 9.0 0.7N= 3
10.9 0.8N 3 7.5 0.4N=24 11.1 0.6N=24 10.1 0.2N=24 14.3 0.3N=24 6.8 0.3N=24 10.5 0.4N=24
2 IV 10.2 0.4N=l3
14.7 0.6
N=13
5.7 0.5
N=l5
10.0 0.6N=ll 7.5 0.2N=14 11.2 0.5N=15 6.2 0.5N=12 9.7 0.8N=12
3 I 68 — — 4.1 0.1N= 5 4.6 0.3N= 5 7.5 0.1N= 5 10.3 0.1N= 5 2.7 0.03N= 5
3.1 0.1
N= 5
3 II 6.8 0.2
N=10
9.2 0.1
N=l0
3.8 0.1
N=1l
4.9 0.2
N=1l
— .— — —
3 III 10.9 0.3N= 4
11.5 1.0
N= 6 3.5 0.2N= 2 4.8 0.1N= 5
— — .— —
3 IV 8.5 0.3N= 5 10.7 0.2N= 5
— 3.9 0.09N= 5 7.3 0.03N= 5 9.7 0.04N= 5
— —
4 1 39 5.9 0.09
N=10
10.6 0.2
N=l0
5.9 0.3
N=10
10.1 0.4
N=I0
9.4 0.2
N=lO
14.3 0.2
N=l0
4.6 0.2
N=l0 7.8 0.4N=l0
4 II 4.1 0.5N= 4
7.0 0.2
N= 4
2.5 5.4 10.7 0.6
N= 4
20.0 0.4
N= 4
3.9 0.5N= 4 6.0
1.0
N= 4
5 I 44 7.7 0.4
N=lO
11.2 0.5
N=10
4.1 0.5
N= 8 6.4 0.7N= 8
5.8 0.1
N= 5
8.6 0.1
N= 5 3.0 0.1N= 5 5.0 0.4N= 5
6 1 50 7.8 0.6N= 6
12.2 1.1
N= 6
— — 8.6 1.2
N= 7
10.2 1.0
N= 8
6.8 0.1
N= 2
5.2 0.05
N= 2
6 11 7.1 10.5 4.7 0.5N= 3
6.7 0.7
N= 3
8.1 0N= I 12.2 0N= I 2.7 0.5N= 4 4.9 0.3N= 4
6 III — — — — 4.9 0.5N= 5 5.9 0.5N= 5 2.7
0.3
N= 3 3.4 0.2N= 2
6 IV — — — — 7.0 0.7N= 5 8.2
1.0
N= 5 2.8 0N= 1 3.6 0N= I
Means SEM 53.7 4.6N= 6 7.9
0.5
N= 10 N=
0.5
N= N= 11
6.0 0.8
N—Il
photograph of a glomerulus with its vas afferens in a split PIH
kidney. Figure 3 shows, at higher magnification, an in vivo
photograph of a similar glomerulus with vas afferens and vas
efferens from a split PIH kidney.
Lumen diameter of vas afferens and vas efferens under
control conditions
We measured the in vivo diameters of vasa afferentia and
vasa efferentia from the television image within 50 m upstream
and downstream of the golmeruli from split PIH kidneys (Table
1). The measurements were repeated at intervals on the video
tape. The range obtained reflects varying optical contrast as
well as the changing focus of the tissue because of respiratory
and pulsatile movements. The inner diameter of the vessels is
more clearly delineated than the outer diameter. The mean
diameter of the vas efferens is often smaller than that of the vas
afferens, but this difference is not statistically significant.
The vas afferens and vas efferens are usually narrowed at, or
just adjacent to, the capsule of the glomerulus. The internal
diameter of these segments is listed in Table I under the heading
"minimal diameters." The length of these narrow segments
varied from 5 to 20 m. Figure 3 shows, at high magnification,
such a narrowing of the vas efferens. In the vas efferens
encircling structures were seen, which appeared to be single
specialized cells; such narrow segments may function as
glomerular outflow "sphincters."
The effect of angiotensin II on dimensions and flow velocities
of vas afferens and vas efferens
Bolus injection and "outflow sphincter." The described
structure in the vas efferens (the "outflow sphincter" or the
"occluding bodies") can completely occlude the vascular lu-
men after intravenous bolus injection of pharmacological doses
of angiotensin II as shown in Figure 4 B and C. This sphincter
decrease is reversible and paralleled the arterial blood pressure
changes. Similar observations were repeated in seven vasa
efferentia of three rats. In these animals bolus injection of
angiotensin II in amounts of 0.06 0.01 ,ag per bolus were
performed, resulting in an increase in blood pressure of 40 15
mm Hg. Under these bolus injections the entire blood flow of
the observed glomerulus stopped. At the vas afferens we did not
ever observe such "occluding structures," but bolus injections
of angiotensin II also produced a vasoconstriction of the vas
afferens. Therefore, in these experiments we did not observe an
overloading of the glomerular capillaries with stop-flow signs by
the vas efferens.
Continuous infusion of angiotensin II (Series A—Heidel-
berg). In the six animals of Table 1 we measured the effect of a
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Table 2A. Vas afferens'
continuous angiotensin II infusion on the minimal diameter of
vas afferens and vas efferens at higher microscopic magnifica-
tion (as shown in Fig. 4).
The minimal diameters (± sFM) of vas afferens and vas
efferens (the latter being the "sphincter" of the vas efferens)
before, during, and after angiotensin II injection are shown in
Figure 5.
Blood pressure was increased by 20 to 40 mm Hg during
intravenous infusion of angiotensin II, 0.2 to 0.4 ,ag/min per kg
body weight. With this dosage of angiotensin 11 the narrow
segment of the vas afferens often dilated while higher doses of
angiotensin II always produced complete closure (not shown in
the figure). In contrast to the vas afferens, the narrow segment
of the vas efferens constricted in nearly all experiments during
angiotensin II. In all but one case, the vas efferens dilated after
the angiotensin II infusion stopped. In one experiment angio-
tensin II was applied locally with a similar result (see dashed
line in Fig. 5).
Corrected
PIH Glomerulus BP Velocity Diameter Flow flow
Rat no. days no. mm Hg mm ec % irm % n/ .Y7 n,' mm
1 25 1 CBA
A
PC
85
105
85
12.0
14.0
12.0
+ 17
[0.1)
7.0
10.0
30
57.0
32.0
57.0
44
44.0
25.0
44.0
I 2 CBA
A
PC
80
100
80
10.5
[4.1)
9.6
+35
10.0
7.1)
10.0
—30
50.0
32.0
45.0
—36
39.0
25.0
35.0
I 3 CBA
A
PC
100
110
95
10.5
14.0
7.7
+33
10.0
6.0
12.0
40
50.0
24.0
52.0
—52
39.0
[9.0
33.0
II 36 4 C 110 6.0 10.2 29.0 18.0
II 5 C 115 3.5 12.0 24.0 15.0
II 8 CBA
A
PC
100
135
100
2.5
2.5
2.5
11.4
8.4
12.0
—26
[5.0
8.0
17.0
46
9.0
7.0
11.0
III 29 9 C 140 2.0 12.0 14.0 9.0
III 10 CBA
A
PC
135
145
—
2.2
4.0
2.5
+82
15.0
[0.0
16.0
33
23.0
18.0
30.0
21
14.0
14.0
9.0
III 11 CBA
A
PC
90
130
90
[0.0
7.0
9.0
30
10.0
10.0
10.0
-'-0
47.0
33.0
42.0
30
36.0
25.0
32.0
IV 33 12 CBA
A
PC
85
125
80
3.2
4.5
3.2
+41
8.0
5.5
9.0
31
9.6
2.3
12.0
76
7.0
2.0
9.0
IV 13 CBA
A
PC
115
140
85
3.8
3.8
3.8
÷0
7.5
6.0
8.0
20
10.0
6.4
11.4
36
8.0
5.0
9.0
IV 14 CBA
A
PC
90
90
90
4.5
0.6
3.9
—87
7.5
5.0
7.0
—33
[8.5
I.!
13.8
—94
14.0
1.0
11.0
IV 15 CBA
A
PC
85
[30
65
6.4
5.1
3.8
—20
9.0
6.0
8.5
—33
39.0
14.0
20.0
64
30.0
11.0
15.0
V 35 18 CBA
A
PC
110
135
110
5.8
5.1
6.4
—[2
12.0
9.0
11.5
—25
39.0
19.0
40.0
—51
24.0
15.0
25.0
C + CBA
(N — 14)
CBA(N - 11)
A
(N — 1/)
PC(N - Ii)
and
(N — 10)
102.9
97.7
122.3 +
80.0
5.1
5.0
5.5"
3.9
5.9 0.9
6.5 [.0
6.8 1.5
5.9 1.0
+5.2
13.3
10.3 0.5
10.0 + 0.7
7.3 0.5"
10.4 0.7
—27.0
30.4 4.4
32.6 + 5.3
17.3 3.6"
30.9 5.1
—50.0
21.9 3.5
24.0 4.3
35 2.8"
22.1 3.7
Correction
—43
36
—51
22
31
72
—38
93
—63
—38
44.3
-'-7.6
Mean 31.6
5EM -'-2.0
(N =5)
Data from five rats and 18 glomeruli from split postischemic hydronephrosis (PIH) kidneys (second series of experiments). The table lists the
days after inducing hydroncphrosis, mean arterial blood pressure, dual-slit velocity, inner diameter, and calculated volume flow in vas afferens
(Table 2A) and vas efferens (Table 2B) about 100 /m from the vascular pole under control conditions (C) and controls before angiotensin 11 infusion
(CBA), 5 mm after angiotensin II infusion (0.4 ig mm ' kg ') (A), and 5 mm after stopping infusion (PC). The statistical significance is
calculated between CBA and A.
P < 0.005.
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Table 2B. Vas efferens
PIH
Rat no. days
I 25
Mean 29.8
SEM
(N = 4)
23.4 4.0
22.1 5.2
—21.0 12.9 3.0" —40.0
23.6 6.5
Corrected
flow Correction
nlmin
33.0
19.0 —42
39.0
19.0
16.0
7.0
4.0 —43
4.0
8.0
2.0 —75
8.0
8.0
4.0 —50
8.0
30.0
12.0 —60
35.0
9.0
9.0
9.0
19.0
17.0 —10
18.0
16.6 3.2
16.3 4.2
9.6 2.5" —40.0
10.1
17.3 5.4
Continuous infusion of angiotensin II (Series B—Tucson).
The purpose of the second series of experiments (performed in
the laboratories of Dr. P. C. Johnson, Department of Physiolo-
gy, College of Medicine, University of Arizona, Tucson, Arizo-
na) was to measure the amount of blood flow in vas afferens and
efferens in the new model of the split PIH kidney.
In this series of experiments flow velocity and the inner
diameter of vas afferens and efferens were measured at a
distance of about 100 tIm from the glomerulus. The measure-
ments were performed before, 5 mm after starting an infusion of
angiotensin 11(0.4 g/min/kg), and 5 mm after infusion was
stopped. The vas afferens and vas efferens studied were usually
in different glomeruli. Typical findings are shown in Figure 6 A
and B. During angiotensin II infusion at rates which cause
systemic hypertension. the vas afferens and vas efferens con-
strict to the same degree, whereas the flow velocity of the
erythrocytes changed in either direction. The values of the
volume flow of vas afferens and vas efferens of the same
glomeruli were nearly identical although the measurements
were performed at least 15 mm apart. The diameter and velocity
values are given in Table 2 A and B. The table also gives the
mean arterial blood pressure during the period of measurement
and the percentage changes during angiotensin II infusion as
compared with the control values. The volume flow was
calculated from the velocity and radius after correction for the
difference between dual-slit velocity and mean flow velocity as
determined in glass tubes [24]. The dual-slit velocity in vessels
larger than 10 m in diameter was multiplied by the factor
0.625, whereas the velocity in vessels 10 m internal diameter
and smaller was corrected by the factor 0.77 [22—25].
Visualization of the glomerular network
The PIH kidney is essentially a nonfiltering kidney but allows
us to visualize blood flow in single capillaries of the upper part
of a glomerulus by transillumination. Figure 7A shows a photo-
micrograph from a television screen. Figure 7B gives a com-
plete three-dimensional drawing of the upper part of this
glomerulus (reconstructed as demonstrated in Fig. 8). The
television tape recording of single glomeruli at different focal
depths permitted us to summarize these recordings by means of
three-dimensional drawings. Figure 8A gives such a drawing of
the same glomerulus of Figure 7 during focusing at the glomeru-
lar surface. At this moment only the shaded glomerular loops
were clearly visible on the tape recording and flow directions
were determined in these loops. Figure 8B was obtained by
focusing 10 m deeper, whereas Figure 8C, D, and E were
focused every 10 m deeper. Figure 8F gives a schematic
drawing of the flow directions of the vas afferens, vas efferens
and of the glomerular capillaries of the whole upper visible part
from the same glomerular network seen at various focus depths.
A long unbranched capillary (about 120 tIm) on the glomerular
surface is depicted in Figure 8A (left below the middle). This
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Fig. 4. A Photomicrograph oft/ic outflow region (vas efferens) of a gloinerulus. Blood flow is from left to right. B The sane region 20 sec later. A
bolus injection of angiotensin II increased blood pressure by 30 mm Hg. C The same region after a higher dosageqfangiotensin II. Blood pressure
increased by 45mm Hg. The lumen of the round cell structure (*) in the middle of the picture, which may act as a sphincter, is now much narrower
than in Figures 4 A and B. The flow direction is indicated by arrows.
E
10
5+
Vas afferens
Angiotensin II
Minima! diameter
Control
Vas efferens
Control
Angiotensin II
Fig. 5. Minimal diameter of vas afferentia and vas efferentia of single
glomeruli within 50 sm at the vascular pole before, during, and after
angiotensin II inJision. Dashed line represents local application of
angiotensin II.
loop corresponds in its dimensions to those used for measuring
local permeability (filtration equivalent) in a former study [1].
For a better understanding of the intraglomerular flow distri-
bution we marked the loops, which are connected to the vas
afferens at inflow directions (Fig. 9A) and to the vas efferens in
outflow directions (Fig. 9B) of the same glomerulus of Figure 7.
In Figure 9C loops are marked in which the flow directions
varied. The circles in this drawing show connections to deeper
loops, which are not shown in this drawing. At these points the
blood flow reaches the deeper part of the glomerulus, which
was not accessible with this technique. Figure 9!) shows the
shortest connection between the vas afferens and vas efferens
within this glomerulus.
In Figures 7B to 9 the diameters of the capillary loops are
taken from the visible flow of the erythrocytes without the
peripheral plasma layer ("Randsaum"). About 2 m should
therefore be added to the inner capillary diameter. Therefore,
the diameter of these capillaries corresponds well to our former
measurements of surface glomeruli (mean diameter, 8.4 1.4
pm, [I]).
Preliminary measurements of the flow velocity of Fluorescein
Isothiocyanat (FITC)-labeled erythrocytes in single glomerular
loops of the split PIH kidney showed values of 341 99
m s (Means SD, N = 6). We are now performing a
separate study of the flow velocity and the number of the FITC-
labeled erythrocytes to estimate local hematocrit in the glomer-
ular network with this new approach.
Discussion
In evaluating the potential value of the PIH kidney for
physiological studies it is important to consider the aspects in
which the glomerular microcirculation in this preparation ap-
proximates 'normal" conditions. The glomeruli in this kidney
doubtless do not have any filtration rate comparable to that in
surface glomeruli of normal rat kidneys 111, although some
glomeruli in the PIH kidney do show a very small filtration of
lissamine green into remnant tubule segments. After an intrave-
nous bolus injection of lissamine green, the dye arrives in the
glomeruli of the PIH kidney after an average of 4 see, compared
to a normal arrival time in surface glomeruli of 2 sec.
The mean flow velocity in single glomerular loops of normal
surface glomerular is 781 271 (N = 25) [1], whereas prelimi-
nary measurements in the PIH kidney of these velocities
showed 44% of the control values.
The blood flow velocity (Tables 2 A and B) in the vas afferens
and vas efferens was sometimes more than 10 mm sec
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Time, mm
Fig. 6. Original recordings ofsystolic and diastolic blood pressure from
the carotid artery, flow velocity of the erythrocytes, luminal diameter
and volume flow at the vas afferens (A) and vas efferens (B) before,
during, and after angiotensin 11 infusion (0.4 pg kg' min). Figure
6A is recorded from rat number IV of Table 2A, Figure 6B from rat
number V of Table 2B.
which is uncommon in arterioles of comparable size in other
tissues. The highest calculated volume flow in these vessels was
44 ni- min' and the average was 22 nl- min'. In the superfi-
cial microcirculation of normal kidneys, we measured mean
flow velocities at welling points of 4.1 0.6 mm sec' and
calculated volume flows which averaged 102 ni min' [27].
But in 1973 correction factors for the Fahraeus effect were not
yet available [24]. If we multiply today's 102 nl min by
0.625, our control values for the blood flow in the vas efferens
of normal kidneys is only 63 nl min'. Our highest values in
the vas afferens and vas efferens of a split PIH kidney are then
70% of the values in the welling points of the normal kidney, the
mean values 35%. From this data it appears that the glomerular
blood flow in the split PIH kidney can reach at least 50% of
normal values. But we have to mention, that from micropunc-
ture data after sampling blood flow in the welling points [28] as
well as from sampling GFR in proximal tubules, rather higher
values should be expected. This discrepancy cannot be ex-
plained at the moment. Besides this discrepancy, it is unclear
whether the lowered flow in the split PIH kidney is due to
hydronephrosis, trauma of surgical preparation and exposure,
or both. Further studies are planned to clarify this issue.
In agreement with histological studies of the experimental
hydronephrotic kidney [10—13], preliminary electron micro-
scopic studies of the PIR kidney did not show structural
changes in single glomerular loops', which we observed in vivo.
The kidney recovers in about 10 days from the acute renal
failure induced by clamping the renal artery for 1 hr [26]. In the
early phase of this acute renal failure the renal microcirculation
is only slightly affected [27]. Preliminary studies with immuno-
histological methods (PAP-technique; compare [29]) showed
that the renin and angiotensin II contents of the vas afferens and
vas efferens of the PIH kidney are nearly the same as in the
contralateral control kidney (Steinhausen and Taugner, manu-
script in preparation).
We confirmed the observation of Huguenin et al [191 that
degeneration of the tubular system in the hydronephrotic kid-
ney starts around the hilus of the kidney. This circumstance is
especially favorable for our approach. We can cauterize the
outer circumference of the kidney without apparent disturbance
of blood flow to the atrophic regions around the hilus. The
atrophic rat kidney looks superficially like the kidney of the cat,
except that veins and arteries are visible at the surface of the
PIH kidney. We can also insert needles and sutures in the
thicker (coagulated) tissue of the outer cortex, which is not as
atrophied as the area around the hilus. The thin tissue sheet in
the hilus area is optimal for microscopy by transmitted light.
While the blood flow rate is reduced and filtration is minimal,
the split PIH kidney seems well suited to answer questions such
as the site of action of angiotensin II. Indirect evidence was
presented recently by Hall et al [30] that circulating angiotensin
II plays an important role in controlling glomerular filtration by
regulating the resistance of the vas efferens. However, others
have suggested that angiotensin II may influence the glomerular
microcirculation itself by changing the surface area of the
filtering capillaries or the hydraulic permeability of these capil-
laries [3 1—33]. We found in the first series of experiments that
angiotensin II, in a dose that increased blood pressure up to 55
mm Hg, caused constriction of the vas efferens. After stopping
the angiotensin II infusion, the vas efferens dilated. These
observations provide an explanation for previous reports that
angiotensin II infusion increases filtration fraction [32—34]. In
contrast to observations in isolated glomeruli [34, 35], we did
not observe in vivo a decrease of the diameter of the whole
glomerulus. The reason for this difference is probably the lower
angiotensin II doses used by us, which still leads to an (unphysi-
We thank Dr. D. W. Kriz, Department of Anatomy, University of
Heidelberg, for this observation.
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Fig. 7. A Photograph taken from a television screen of a glomerulus at the suiface of a postischemic hydronephrosis (PIH) kidney. B Three-
dimensional drawing of the same glomerulus showing the flow direction as determined by off-line video analysis (reconstructed as demonstrated in
Fig. 8).
A new method to visualize vas afferens 803
Fig. 8. The three-dimensional reconstruction of the same glomerulus as Figure 7 by focusing at the upper surface (A), and every 10 tm deeper (B-
E). F shows the flow direction in the whole microscopically visible part of this glomerulus.
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Fig. 9. Details of the same glomerulus as Figures 7 and 8. A Marking of inflowing capillaries. B Marking of outfiowing capillaries. C Marking of
capillaries with changing flow directions. D Shortest connection of vas afferens and vas efferens inside the glomerulus,
ological?) blood pressure increase. Toxic doses were not used
in our experiments.
Furthermore, we have no evidence for vasoconstriction of
single glomerular loops after angiotensin II in normal surface
glomeruli of rats (Zimmerhacki, Parekh, Kucherer, and Stein-
hausen, submitted for publication). In previous studies of
kidneys without hydronephrosis we found a prominent de-
crease in the glomerular loop flow velocity of single erythro-
cytes as well as a reduction in whole kidney blood flow during
infusion of angiotensin II, 0.2 and 0.4 sg/min per kg [20, 36j.
Furthermore, 48 hr after clamping the renal artery for 60 mm,
we observed that flow patterns in single glomeruli are altered.
In those experiments single glomerular lobules seemed to he
damaged to varying degrees. Angiotensin II infusion in this case
induced a much stronger reduction of loop flow velocity in
individual parts of single glomeruli than we found in normal
kidneys.
In contrast to our first series of experiments in Heidelberg,
we found in the second series in Tucson during angiotensin II
infusion there was no difference in the angiotensin II responsiv-
0 C, 
-
a
 0 
-
c 
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ity between the vas afferens and the vas efferens. To explain
this discrepancy we offer at least three possibilities:
(1) In Heidelberg we used higher optical magnification (55 x
and 75 x objectives) observing direct inflow and outflow struc-
tures of the glomeruli, whereas the measurements in Tucson
were performed with lower magnification (up to 32 X objectives)
about 100 jm away from the vascular pole. The differences
between vas afferens and efferens responsivity to angiotensin II
are probably most prominent at the outflow sphincter here first
described and not visible further away from the vascular pole.
(2) The mean duration of the hydronephrosis was, for the
Heidelberg series 54 10 (N = 6) days, whereas the hydrone-
phrosis in Tucson lasted only 32 2 (N = 5) days. Perhaps a
longer lasting hydronephrosis gives a more physiological re-
sponse in the PIH kidney.
(3) The angiotensin II doses were in Heidelberg 0.2 to 0.4
ig kg1 min, whereas in Tucson 0.4 .tg kg min was
used. Probably the higher angiotensin II doses in Tucson are
most responsible for the differences. Higher angiotensin II
doses occlude vas afferens in any case.
(4) Species differences (in both cases Wistar-Furth rats were
used) as well as differences in the diet (in both cases laboratory
standard diet with "normal" sodium content was used) are very
unlikely.
The question as to whether or not angiotensin II changes
glomerular permeability, first suggested by the electron micro-
scope studies of Hornych, Beaufils, and Richet [37], cannot be
settled with our new approach. On the other hand, changes in
blood flow distribution in single glomeruli, which lead to
changes in the filtering surface area, should be visible with this
technique. Our observations up to the present have not indicat-
ed changes in capillary surface area with a dosage of angioten-
sin 11(0.2 and 0.4 jgImin per kg) sufficient to decrease the
glomerular filtration coefficient (Kf) [31]. Since Kf is the prod-
uct of surface area and permeability, these initial findings
suggest that angiotensin II may decrease the glomerular hydrau-
lic permeability; if not, changes in the flow velocities and the
volume flow of single capillaries alone lead to a functional
decrease of filtration area. We are now studying this problem.
The PIH kidney should be helpful in determining the effects
of changes in blood pressure on glomerular blood flow as well
as assessing regional flow velocity and vessel diameter in
different regions of the glomerulus. The excellent visibility of
the glomerulus should permit careful assessment of volume
flow in different glomerular loops. This new technique can be
used to study the effect of drugs applied locally to the glomeru-
lus, as we have done with angiotensin II in the present study.
The use of the PIH kidney should also make it possible to
measure intravascular pressures by micropuncture with a ser-
vo-null device [38] and other microcirculatory variables of
interest which require insertion of a sensor into the exposed
vascular bed.
Furthermore, the split PIH kidney is suitable for clarifying
the flow of the glomerular network of mammalian kidneys,
which could be investigated until now by histological methods
only [39, 40].
In addition to the histologically based calculations, flow
directions of nearly half of a single glomerulus are, to our
knowledge, presented for the first time in our study. Systematic
measurements, especially of flow velocities and diameters, will
allow us to analyze more precisely the flow within the network.
With the help of labeled erythrocytes we intend to clarify the
heterogeneity of the local hematocrit within the glomerulus.
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